Introduction
============

Magnetic nanoparticles (MNPs) are multi-functional tools that can be detected non-invasively at low concentrations by MRI. They have been widely employed in oncology, e.g. as contrast agents in tumor detection, as carriers in drug delivery [@B1]-[@B4] and magnetic drug targeting [@B5]-[@B8], as well as therapeutically in hyperthermia [@B9]-[@B11]. The diagnostic applications are based on magnetic properties [@B12], [@B13], chemical stability and biocompatibility [@B14] of MNPs that allow for non-invasive and real-time monitoring of systemically injected particles via magnet resonance tomography (MRI). MRI without contrast agents provides high spatial resolution and excellent soft tissue contrast [@B15]. To even further enhance its sensitivity, iron oxide based contrast agents can be applied, exploiting their effect on tissue relaxation rates [@B16], [@B17].

Viral [@B18]-[@B20] and non-viral gene therapies [@B21] are rapidly developing modalities of cancer treatment. Several oncolytic viruses such as adenovirus (Ad) and vesicular stomatitis virus (VSV) are under investigation for direct therapeutic application. Oncolytic viruses specifically replicate in cancer cells [@B18]-[@B20] and are suitable either as single agents or in combination with chemotherapy and radiation therapy [@B22]. Ad, a double-strand DNA virus, has been tested for the treatment of several cancer types [@B20], [@B23]. In addition, Ad belongs to the category of the most powerful gene delivery systems [@B24]. VSV is a negative-stranded RNA virus, which specifically replicates in interferon deficient tumor cells. VSV has been successfully used preclinically for the treatment of various cancers, including multifocal hepatocellular carcinoma lesions (HCC) in rat models [@B25], [@B26].

Suitable core-shell type MNPs are known to form stable complexes with different virus particles by self-assembly [@B27]-[@B32]. This complex formation can enhance viral transduction efficiency and transgene expression of viral complexes via non-permissive cell infection [@B24], [@B27], [@B29], [@B30], [@B32]-[@B36] with enhanced internalization of viral and non-viral vector complexes due to an externally applied gradient magnetic field, a procedure referred to as magnetofection [@B37]. It enables site specific targeting of magnetically labeled virus particles with an external magnetic field. This way, limited infectivity can be overcome [@B29]. In addition, complex formation with MNPs minimizes the interaction with blood components and cells due to the shielding effect of the nanoparticles [@B24]. The shielding effect of the MNPs used in this study against virus neutralizing antibodies and the stability of the self-assembled complexes in serum-containing medium was proven in previous work [@B12], [@B29], [@B31].

In this study, we investigated the MRI contrast properties of selected core-shell MNPs and self-assembled MNP-VP complexes, both in suspension, and after internalization into different cell lines. Transmission electron microscopy (TEM) was used for visualization of MNPs, assembled MNP-VP complexes and intracellular compartmentalization. Samples were further characterized for their physical properties such as hydrodynamic diameter, electrokinetic (or zeta) potential and magnetophoretic mobility (magnetic responsiveness) and the ability to transfect cells in the presence of moderate and high serum concentrations and the resulting oncolytic effect *in vitro* in applied magnetic fields. We further provide a first outlook of the potential *in vivo* application of these new MNP-VP complexes.

Experimental
============

Synthesis and Physico-Chemical Characterization of Core-Shell Type Magnetic Nanoparticles
-----------------------------------------------------------------------------------------

Core-shell type iron oxide MNPs were synthesized by precipitation of the Fe(II)/Fe(III) hydroxide from aqueous solution in an oxygen-free atmosphere, followed by transformation into magnetic iron oxide with spontaneous adsorption of the fluorinated surfactant Zonyl-FSA (lithium 3-\[2-(perfluoroalkyl)ethylthio\]propionate) (FSA) combined with 25-kDa branched polyethylenimine (PEI~Br-25~ kDa) for PEI-Mag2 nanoparticles (further referred to as PEI-Mag particles) or condensation of tetraethyl orthosilicate (TEOS) and 3-(trihydroxysilyl)propylmethylphosphonate (THPMP) resulting in silicon oxide layer with surface phosphonate groups (SiO~x~/Phosphonate) for SO-Mag5 nanoparticles as previously described [@B37], [@B38]. The resulting coated magnetic nanoparticle suspensions were dialyzed against ddH~2~O to remove unbound coating components and then sterilized using ^60^Co gamma-irradiation with a dosage of 25 kGy [@B39]. For assembling with negatively charged virus particles, the SO-Mag5 nanoparticles were decorated with PEI at a PEI-to-iron (w/w) ratio of 11.5 % yielding SO-Mag6-11.5 nanoparticles, further referred to as SO-Mag particles. The particle stock concentrations in terms of dry weight and iron content were determined as described previously [@B37]. The average crystallite size of the core was calculated from the X-ray diffraction data using the Scherer formula [@B40]. Mean hydrodynamic diameter *D*~h~ and electrokinetic zeta potential *ζ*of the MNPs suspended in ddH~2~O were measured by photon correlation spectroscopy using a Malvern 3000 HS Zetasizer (Malvern Instruments Ltd., UK). The saturation magnetization per unit of iron weight M~s~ was measured at 298 K using a vibrating sample magnetometer (Oxford Instruments Ltd.).

Cell Culture
------------

The MDR human pancreatic carcinoma cells EPP85-181RDB, further referred to as RDB cells, were grown in Dulbecco\'s modified Eagle\'s medium (DMEM; Gibco^®^, Life Technologies, Darmstadt, Germany) supplemented with 10 % heat-inactivated fetal calf serum (FCS; Gibco^®^, Life Technologies, Darmstadt, Germany) and 1 % 2 mM L-glutamine (Gibco^®^, Life Technologies, Darmstadt, Germany). The rat Morris hepatocellular carcinoma cells (McA-RH7777), further referred to as McA cells, and the baby hamster kidney cells BHK-21 cells were purchased from the American Type Culture Collection (LGC Standards GmbH, Wesel, Germany), and were cultured in DMEM (ATTC, Manassas, MA, USA) supplemented with 10 % heat-inactivated FCS, 100 U mL^-1^ penicillin, and 100 µg mL^-1^ streptomycin (all PAA Laboratories GmbH, Pasching, Austria). All cell lines were cultured at 37 °C in a humidified atmosphere containing 5 % CO~2~.

Adenovirus and Vesicular Stomatitis Virus
-----------------------------------------

The E1A mutant adenovirus dl520, further referred to as Ad, was kindly provided by Dr. Per Sonne Holm [@B41]. The Ad was expanded in 293 cells and purified by double cesium chloride gradient centrifugation, resulting in a virus stock containing 4.3 x 10^12^ VP/mL and 2.6 x 10^11^ TU/mL. To determine the physical virus particle titer, an aliquot of the virus stock was diluted 1 to 20 in Dulbecco\'s phosphate buffered saline (PBS; Gibco^®^, Life Technologies, Darmstadt, Germany) that contained 0.1 % sodium dodecyl sulphate, mixed thoroughly for 2 minutes and centrifuged at 8,000 g for 5 minutes. The optical density at 260 nm was measured, and the physical virus titer was calculated, taking into account that an OD of 1 corresponds to 1.1 x 10^12^ VP/mL [@B42]. Aliquots of the stock were stored at -80 °C.

The rVSV-GFP, further referred to as VSV, was expanded in BHK-21 cells and the supernatant was purified by sucrose gradient centrifugation as previously described [@B25], [@B26] resulting in a virus stock containing 6.6 x 10^9^ pfu/mL as was determined by plaque assay on BHK-21 cells. Aliquots of the stock were stored at -80 °C.

Preparation of Magnetic Viral Complexes
---------------------------------------

Ad complexes with MNPs were prepared as described in detail previously [@B35]. Briefly, 10^11^ VP of the Ad diluted in 800 µL PBS were added to 200 µL of PEI-Mag2 or SO-Mag6-11.5 MNPs in ddH~2~O containing 500 µg of Fe and mixed, resulting in an iron-to-physical virus particle ratio of 5 fg Fe/VP. The resulting complexes will be further referred to as PEI-Mag-Ad and SO-Mag-Ad complexes.

To prepare magnetic VSV complexes, equal volumes of ddH~2~O containing MNPs of 226.8 µg iron and PBS containing 4.5 x 10^8^ pfu or 2.3 x 10^8^ pfu VSV were mixed in a final volume of 1,380 µL. The resulting ratios of MNP-to-virus were of 500 and 1,000 fg Fe/pfu, respectively, for PEI-Mag2 and SO-Mag6-11.5 particles, respectively. The resulting complexes will be further referred to as PEI-Mag-VSV and SO-Mag-VSV complexes.

After an incubation period of 20 minutes at RT to allow complex assembly, the volume was adjusted with PBS and the freshly prepared complexes were used for characterization of the magnetic vectors, cell infection and phantom preparation.

Magnetic Cell Labeling and Infection with Magnetic Viral Complexes
------------------------------------------------------------------

The cells were grown in 75 cm^2^ cell culture flasks (Techno Plastic Products, Trasadingen, Switzerland) and loaded with MNPs or infected with magnetic viral complexes when they reached 70 to 80 % confluency (4 - 6 x 10^6^ cells per flask). 25 and 10 pg iron per cell either in the form of free MNPs or their viral complexes with Ad or VSV were applied in cell culture medium to the RDB and McA cells, respectively. The applied complex doses corresponded to the MOI of 120 for the adenoviral complexes and MOIs of 20 (PEI-Mag-VSV) and 10 (SO-Mag-VSV) for infection with the VSV complexes. A magnetic field was then applied for the magnetofection [@B37] by positioning the flasks on a magnetic plate (OZ Biosciences, Marseille, France; field strength and gradient at the cell layer location of 70-250 mT and of 50-130 T/m, respectively) for 30 minutes in the case of the RDB cells [@B31] and 1 hour for the McA cells at 37 °C in the incubator. Afterwards, the RDB cells were incubated for another 3 hours in the incubator without magnetic field. The labeled cells were washed with PBS three times to remove any loosely-bound particles or complexes. Next, the cells were trypsinized using a 0.25 % trypsin/0.02 % EDTA solution (Gibco^®^, Life Technologies, Darmstadt, Germany). After washing with PBS, the cells were fixed with BD Cytofix^TM^(BD Biosciences, Heidelberg, Germany), washed three times with PBS and resuspended in PBS for use in cell characterization or phantoms preparation.

Analysis of the Exogenic Non-Heme Iron Content of the Magnetically Labeled or Magnetofected Cells
-------------------------------------------------------------------------------------------------

The magnetically (virus-)labeled cells were analyzed by determination of the exogenic non-heme iron content as described elsewhere using the modification of the method of Torrance and Bothwell [@B37], [@B43]. Briefly, approximately 4 x 10^5^ trypsinized cells were washed with PBS and spun down by centrifugation. The supernatant was discarded and the cell pellet was resuspended in 500 µL of an acid mixture containing 3 M HCl and 0.6 M trichloracetic acid. After an overnight incubation at 65 °C, the samples were centrifuged and 50 µL of the clear supernatant were analyzed for the iron content by a colorimetric method with 1,10-phenanthroline. Therefore, the supernatant was mixed with 50 µL sterile water, 20 µL 10 % hydroxylamine-hydrochloride solution, 100 µL ammonium acetate buffer (25 g ammonium acetate and 70 ml glacial acetic acid with a total volume adjusted to 100 ml with ddH~2~O), and 50 µL 0.1 % 1,10-phenanthroline solution (all Fluka, Sigma-Aldrich, Steinheim, Germany and Roth, Karlsruhe, Germany). The mixture was incubated for 20 minutes, followed by measurement of optical density at 510 nm, which is the absorption maximum of the iron(II)-1,10-phenanthroline complex, in a Beckman DU 640 spectrophotometer (Beckman Coulter Inc., Krefeld, Germany). The iron content was calculated using a calibration curve measured for the freshly prepared dilution series of the iron stock solution (392,8 mg ammonium iron(II) sulfate hexahydrate, 2 mL concentrated H~2~SO~4~ and 10 mL distilled water, titrated with 0.05 N KMnO~4~ until a faint pink color persisted, followed by volume adjustment to 100 mL).

Sample Preparation and Transmission Electron Microscopy (TEM)
-------------------------------------------------------------

For TEM analysis, about 10^5^ labeled or infected cells were washed with PBS after trypsinization. Free MNP suspensions, free MNP-VP complexes, both containing about the same amount of iron as that applied to cells, and the cells were pelleted for 5 minutes at 1,600 rpm in beam tubes and the (cell) pellets were fixed with 2.5 % glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4 TEM fixation buffer (Electron Microscopy Sciences, Hatfield, United States) at 4 °C. The samples were then post-fixed in 2 % aqueous osmium tetraoxide [@B44], dehydrated in gradual ethanol (30 - 100 %) and propylene oxide, embedded in Epon (Merck, Darmstadt, Germany) and dried for 24 hours at 60 °C. Semithin sections were cut and stained with toluidine blue. Ultrathin sections of 50 nm were collected onto 200 mesh copper grids, stained with uranyl acetate and lead citrate before examination by transmission electron microscopy (Zeiss Libra 120 Plus, Carl Zeiss NTS GmbH, Oberkochen, Germany). Pictures were acquired using a Slow Scan CCD-camera and iTEM software (Olympus Soft Imaging Solutions, Münster, Germany).

Characterization of the Oncolytic Potential of Magnetic Viral Complexes *In Vitro*
----------------------------------------------------------------------------------

The RDB cells and McA cells were seeded in 96-well cell culture plates at 10^4^ cells per well and incubated at 37 ºC 24 hours prior to infection. The cell culture medium in each well was replaced with 150 µL of fresh culture medium containing 10 % FCS (or 66.7 % FCS), and 50 µL of virus or the magnetic viral complexes in serum free medium were added. The resulting medium was referred to as the infection medium with a final FCS concentration of 7.5 % (or 50 %). To define the concentration required for 50 % cell growth inhibition (IC~50~) for free virus or viral complexes, 2-to-1 serial dilutions of naked adenovirus ranging from 2.5-320 pfu/cell and from 0.625-80 pfu/cell for the MNP-Ad complexes, and MOIs of 0.005-10 for naked VSV and the MNP-VSV complexes were prepared, all in triplicates. If indicated, a magnetic field was applied by positioning the cell culture plates on a magnetic plate for 30 minutes. No medium change was performed and the RDB and McA cells were incubated for 6 days and 24 hours, respectively.

The survival of infected RDB cells was evaluated 6 days after infection using a luciferase assay as described elsewhere [@B37]. Briefly, the cells were washed with PBS and lysed with 100 µL of lysis buffer per well. After incubation for 15-20 minutes at RT, 50 µL of cell lysate in each well was transferred to the wells of a 96-well black flat-bottom plate. Then, 100 µL of D-luciferin buffer was added. The chemiluminescence intensity was measured in counts per min (CPM) using a Microplate Scintillation & Luminescence Counter (Packard Instrument Co., Inc./Canberra Industries, Meriden, CT, USA). The uninfected cells were used as a reference control and taken to represent 100 % viable cells. The empty wells with a mixture of 50 µL of lysis buffer and 100 µL of D-luciferin buffer were used as blanks. The cell survival was computed according to the following equation:

The viability of the McA cells was assessed 24 hours after infection of the cells by the MTT assay as described elsewhere [@B37]. Briefly, infected cells were washed with PBS and 100 µL of MTT solution were added per well. After 2 hours incubation at 37 °C, viable cells formed formazan crystals in their mitochondria and those were lysed with 100 µL solubilization solution, overnight incubation at RT in the dark. The solved crystals, representing the respiration activity of the cells, were quantified with a Wallac 1420 VICTOR^2^ microplate reader (PerkinElmer, Waltham, MA, USA) at a wavelength of 590 nm. To evaluate the effect of free MNPs on the viability, the cells were treated with MNPs and analyzed under the same conditions.

The cell survival data were plotted against logarithms of the applied virus dose (pfu/cell) and were fitted using the "DoseResponse" function of OriginPro 9G software (OriginLab Corporation, Northampton, MA, USA) to determine the doses of virus resulting in 50 % cell growth inhibition (IC~50~ values).

Magnetophoretic Mobility Measurements of Viral Complexes and Complex Labeled Cells
----------------------------------------------------------------------------------

To characterize the magnetic responsiveness of the magnetically labeled cells and the MNP-VP complexes, the time course of the decreasing turbidity of the suspensions when subjected to inhomogeneous magnetic fields was measured, as previously described [@B45], [@B46]. Briefly, a gradient field was generated by positioning two mutually attracting packs of four quadrangular neodymium-iron-boron permanent magnets symmetrically on each side of a cuvette holder, parallel to a beam of light, for optical density measurements. The magnetic field between the magnets was measured with a Hall detector using a grid of step size 1 mm, and the average magnetic field and the resulting field gradient were calculated to be 0.213 T and 4 ± 2 T/m in the direction of the complex movement. The complex and cell suspensions were diluted to 500 µL aliquots to achieve a starting optical density (OD) of OD = 0.3-1 at the analytical wavelength of 610 nm for the labeled cells and 360 nm for the magnetic viral complexes. Optical cuvettes filled with these diluted suspensions were placed in a Beckman DU 640 spectrophotometer and the change in the optical density or turbidity was immediately recorded over 30 minutes.

Preparation of Calibration Phantoms for MR Imaging
--------------------------------------------------

Calibration phantoms for MR imaging with agarose gel containing homogeneously dispersed free MNPs, free MNP-VP complexes, cells labeled with MNPs and cells infected with MNP-VP complexes, respectively, were prepared in 24-well plates (Techno Plastic Products, Trasadingen, Switzerland) as described elsewhere [@B12], [@B13]. Briefly, according to Christoffersson et *al.* tissue-mimicking phantom material can be prepared by using different concentrations of nickel and agarose [@B47]. Increasing nickel (II) ion concentration shifts the T~1~ values to longer relaxation times, while increasing agarose concentration results in T~2~ relaxation time shortening. The gel phantom mimicking relaxivity of murine liver tissue (T~1~ = 550 ms and T~2~ = 48 ms; data not shown) was prepared with 198 mM Ni(NO~3~)~2~, 2.45 % agarose (Biozym, Oldendorf, Germany) and 0.5 % sodium azide for preservative purposes.

Dilution series (samples were diluted 2-to-3) were prepared for all samples, in water for free MNPs, and in PBS for free MNP-VP complexes and magnetically labeled and infected cells. The maximal iron \[in mM Fe/well\] and cell \[in cells/mL\] concentrations present in well 1, as well as the respective cell labeling \[in pg Fe/cell\] and labeling efficiencies are summarized in table [1](#T1){ref-type="table"}. To provide proof of the detectability of the MNP iron in surrounding liver tissue and to exclude air artifacts during the magnet resonance image acquisition, the 12 wells between the sample wells, and the cavities between the wells on both sides were filled with the described Ni-containing agarose gel. For the 11 sample wells and the reference well (positions of the experimental wells are shown in the photograph of figure [7](#F7){ref-type="fig"}A), gel with 1.5-fold higher concentrations of the nickel salt, agarose and sodium azide was prepared and 3 mL of to 60 °C pre-warmed agarose gel were vortex-mixed with 1.5 mL sample in 15 mL falcon tubes to distribute the nanomaterial homogenously, and transferred into the designated well avoiding air bubbles. Well R contained only water/PBS mixed with this agarose gel and served as a reference well for background normalization. To identify potential relaxivity changes caused by the cell background, phantom plates with untreated, fixed cells were prepared in the same manner. The phantom plates were allowed to cool down slowly to room temperature, and were sealed with parafilm to avoid evaporation of water during the storage at 4 °C.

MR Imaging
----------

The imaging experiments were performed on a clinical 1.5 T MRI system (1.5 T Achieva, Philips Medical System, Best, the Netherlands) and a clinical 3.0 T MRI system (3.0 T Ingenia, Philips Medical System, Best, the Netherlands) using the 8-channel SENSE head coil for signal reception. The rectangular agarose phantom plates were centrally positioned on the head cushion of the coil. T~2~ and T~2~^\*^ maps of the calibration phantoms were measured using the following sequences on the 1.5 T MRI system: for T~2~ a multi-spin echo sequence with T~R~ = 2,000 ms, TE = n x 4.9 ms (n = 1...30), flip angle = 90 °, FOV = 160 x 88, resolution = 1 x 1 x 3 mm^3^, 3 slices of 3 mm thickness with gap = 0 mm, scan time = 6:04 minutes and for T~2~^\*^ a multi-echo gradient echo sequence (FFE) with TR = 1000 ms, TE = 2.1 + n x 3.2 ms (n = 0...15), flip angle = 90 °, FOV = 160 x 92, resolution = 1 x 1 x 3 mm^3^, 3 slices of 3 mm thickness with gap = 0 mm, scan time = 4:40 minutes. On the 3.0 T system the sequences were the following: for T~2~ a multi spin echo sequence with T~R~ = 2,200 ms, TE = n x 6.0 ms (n = 1...30), flip angle = 90 °, FOV = 160 x 88, resolution = 1 x 1 x 2 mm^3^, 7 slices of 2 mm thickness with gap = 0 mm, NSA = 1, scan time = 5:47 minutes and for T~2~^\*^ a FFE with TR = 1500 ms, TE = 2.2 + n x 2.7 ms (n = 0...15), flip angle = 90 °, FOV = 160 x 92, resolution = 1 x 1 x 2 mm^3^, 7 slices of 2 mm thickness with gap = 0 mm, NSA = 2, scan time = 7:28 minutes.

T~2~ maps were calculated from the multi-spin echo data using the standard MR scanner mono-exponential fitting routine. For the T~2~^\*^ maps, the complex data of the multi-gradient echo sequence were analyzed using the RelaxMapsTool (Philips PRIDE data evaluation software package, Philips Medical System, Best, the Netherlands). This tool calculates B~0~ maps for all slices and - as a first order deviation from a mono-exponential signal decay - takes into account the sinus-shaped oscillation of the multi-echo signal induced by the through plane B~0~ gradient [@B48].

For analysis, circular regions of interest (ROIs) were manually drawn for each well and the mean (± standard deviation (SD)) R~2~ values were calculated from the T~2~ values. The R~2~^\*^ values of the manually drawn ROIs were extracted from the RelaxMapsTool. The mean R~2~ and R~2~^\*^ values ± SD were calculated over the three slices scanned in all phantoms and the mean values were plotted against the iron concentration to determine the corresponding transverse relaxivities (r~2~ and r~2~^\*^, \[mM^-1^ Fe s^-1^\]) by linear regression.

Mean basal relaxation rates at 0 µg Fe/mL were: R~2max~ = 3.91 ± 5.77 s^-1^ and R~2max~^\*^ = 2.51 ± 3.03 s^-1^ for untreated McA cells (maximal cell concentration of 1.91 x 10^6^ cells/mL) and R~2max~ = 1.74 ± 0.37 s^-1^ and R~2max~^\*^ = 5.07 ± 0.86 s^-1^ for untreated RDB cells (maximal cell concentration of 3.36 x 10^6^ cells/mL).

*In Vivo* Targeting of SO-Mag-VSV Complexes
-------------------------------------------

All procedures involving animals were approved and performed according to the guidelines of the Institutional Animal Care and Use Committee, and the local government. Six-week-old male Buffalo rats, weighing 200 g, were purchased from Harlan Winkelmann (Borchen, Germany) and housed in a specific pathogen-free environment under standard conditions. 10^6^ McA cells suspended in 20 µL of DMEM were implanted orthotopically into the liver. After 10 days, the size of HCC nodules was determined by T~2~-weighted MRI scans to be 0.5-1 cm in diameter. 100 µL of complexes consisting of 10^7^ pfu of VSV-GFP and 10 µg iron of SO-Mag6-11.5 (ratio of 1,000 fg Fe/pfu of virus) or 10^7^ pfu of naked VSV-GFP were injected intra-tumorally into orthotopic HCC nodules in the presence of a magnet placed on the surface of the tumor nodule opposite to the injection site. Magnets were left in place for 30 minutes following injection. To evaluate intra-tumoral virus titer and non-heme iron, animals were sacrificed 30 minutes post infection with SO-Mag-VSV complexes or naked VSV and whole tumors were sampled. To quantify delivered VSV, TCID~50~ analysis was performed on BHK-21 cells with whole tumor extracts. In addition, tumors were processed for quantification of non-heme iron content. An additional group of animals were imaged by MRI at 24 hours post infection to visualize accumulated of SO-Mag-VSV complexes. Subsequently, tumor and liver sections were fixed overnight in 4 % paraformaldehyde for histological and immunohistochemical analysis.

Results
=======

Preparation and Characterization of Magnetic Nanoparticles (MNPs) and Self-Assembled Magnetic Viral Complexes (MNP-VPs)
-----------------------------------------------------------------------------------------------------------------------

Selected MNPs exhibited similar core diameters (PEI-Mag = 9.0 nm and SO-Mag = 6.7 nm). The saturation magnetization of the core material at RT was 62 and 94 Am^2^/kg (Fe), resulting in an average magnetic moment of the insulated particles of 5.8 x 10^-20^ and 8.7 x 10^-20^ Am^2^ for the PEI-Mag and the SO-Mag MNPs, respectively [@B37], [@B49]. Surface coating of PEI-Mag MNPs with a self-assembling layer comprising 32 mass% polyetheleneimine (PEI) and 68 mass% of the fluorinated surfactant Zonyl-FSA (figure [1](#F1){ref-type="fig"}A and C) resulted in a mean hydrodynamic diameter (*D*~h~) of 28 ± 2 nm. In contrast, decoration of SO-Mag MNPs with PEI resulted in SiO~x~/Phosphonate-PEI coating of 11.5 w/w% PEI-to-iron [@B38] (shown schematically in figure [1](#F1){ref-type="fig"}B) with a silica coating width of approximately 1 nm and a higher mean *D*~h~ of 76 ± 27 nm, suggesting small aggregate formation. In addition, PEI coating led to a highly positive electrokinetic potential (*ζ*) for both MNPs (55.0 ± 0.7 mV for PEI-Mag and 40.4 ± 0.4 mV for SO-Mag). The decreased potential of the SO-Mag particles compared to the PEI-Mag particles is due to the lower PEI content and the negatively charged surface phosphonate groups decorating the silica coating. On the other hand, mean *D*~h~ of selected viruses, Ad and VSV, were 123 ± 33 nm and 175 ± 61 nm, and both viruses exhibited a negative *ζ* (-9.1 ± 1.3 mV and -11.8 ± 0.7 mV, respectively), enabling self-assembly of MNPs and VPs by electrostatic interactions. Complex formation with PEI-Mag resulted in a net positive charge of the magnetic viral complexes (PEI-Mag-Ad *ζ* = 14.1 ± 2.2 mV and PEI-Mag-VSV *ζ* = 15.1 ± 0.8 mV). Co-assembly of SO-Mag with Ad also resulted in a net positive charge (SO-Mag-Ad *ζ* = 13.6 ± 0.4 mV), while a net negative charge was detected with VSV (SO-Mag-VSV *ζ* = -7.1 ± 0.8 mV). *ζ* and *D*~h~ measurements of the different MNP-VP complex suspensions showed neither free MNPs nor naked VPs (data not shown). As expected, MNP-VP complexes were larger compared to naked VPs and larger for SO-Mag- compared to PEI-Mag-based complexes (PEI-Mag-Ad *D*~h~ = 271 ± 178 and PEI-Mag-VSV *D*~h~ = 514 ± 99 nm; SO-Mag-Ad *D*~h~ = 609 ± 127 nm and SO-Mag-VSV *D*~h~ = 923 ± 120 nm), the latter results suggesting aggregate formation of SO-Mag-VP complexes in PBS suspensions as well. Figure [2](#F2){ref-type="fig"} shows a schematic of self-assembly of MNPs and VPs and the resulting magnetic viral complexes and table [2](#T2){ref-type="table"} summarizes their physico-chemical properties.

Highly Efficient Magnetic Cell-Labeling with MNPs or MNP-VP Complexes
---------------------------------------------------------------------

To test cell-labeling efficiency of MNPs and MNP-VP complexes, two cell lines underwent magnetofection. Both, MNPs or MNP-VP complexes, resulted in high cellular iron loading (2.5 pg Fe/cell up to 17.3 pg Fe/cell upon application of 10 or 25 pg Fe/cell; table [1](#T1){ref-type="table"}). No significant differences were detected between PEI-Mag and SO-Mag MNPs in iron loading. However, differences were evident between MNPs and magnetic viral complexes and between the different cell lines employed: MNP labeling resulted in higher iron loading compared to MNP-VPs (45 - 69 % to 25 - 32 % labeling efficiency, respectively) and RDB cells showed a higher uptake than McA cells for free MNPs (69/64 % to 45/54 % labeling efficiency) but not for MNP-VP-complexes (table [1](#T1){ref-type="table"}). To avoid false positive results from background contamination, non-labeled cells were also analyzed for their iron content, and neither cell line revealed detectable levels of exogenic non-heme iron. Based on the obtained iron loading data, an efficient internalization of the magnetic nanomaterial was suggested.

Transmission Electron Microscopy Analysis of Internalized MNPs and MNP-VP Complexes
-----------------------------------------------------------------------------------

To investigate the arrangement and aggregation of free and intracellular MNPs and MNP-VP complexes as well as their intracellular localization, transmission electron microscopy (TEM) was performed. Figure [3](#F3){ref-type="fig"} shows TEM images of free MNPs and the different MNP-VP complexes for both types of VPs and MNPs. The suspended MNPs and MNP-VP complexes were mostly dispersed. Figure [4](#F4){ref-type="fig"} compiles representative photomicrographs of the MNP and MNP-VP complex internalization in both cell lines. Free MNPs mainly clustered in the cytoplasm, in the RDB cells in endosomes while in McA cells the particles are more dispersed in the cytoplasm (figure [4](#F4){ref-type="fig"}, top row). In contrast to the free particles, MNP-VP complexes were localized exclusively in endosomes, independent of the cell type. Inside the endosomes, the magnetic and viral particles were arranged in a similar aggregate structure as the free MNPs in the cytoplasm.

Characterization of the Oncolytic Potential of Magnetic Viral Complexes *In Vitro*
----------------------------------------------------------------------------------

Figures [5](#F5){ref-type="fig"}A and B and table [3](#T3){ref-type="table"} displays the virus dose required for 50 % cell growth inhibition/oncolysis (IC~50~). The concentration-oncolytic effect curves registered for magnetic complexes of VSV and Ad with both MNPs were significantly shifted to low applied virus doses relative to the dose-effect curve of the virus alone. Even without magnetic field induction, the magnetic complexes were 1.2- to 6-fold more efficient than the naked virus in terms of the IC~50~ values of the applied dose (figure [5](#F5){ref-type="fig"}C and [Supplementary Material](#SM1){ref-type="supplementary-material"}: table S1). The IC~50~ values of the MNP-VP complexes under magnetic field-guided infection at 7.5 % FCS were 1.6- and 2.5-fold lower for VSV, and 11.8- and 27.4-fold lower for Ad, respectively, than those of the naked virus, emphazising the higher oncolytic activity of the MNP-VP complexes (figure [5](#F5){ref-type="fig"}C and table [3](#T3){ref-type="table"}). High serum concentration had a strong inhibitory effect on the oncolytic potency of the naked viruses and some effect on the complexes when no magnetic field was applied. However, for the magnetic complexes, magnetic field influence had about 10-fold and 2-fold enhancing effect on the oncolytic potency of the adenoviral and VSV complexes, respectively. This enhancement was true for low and high serum concentrations. The PEI-Mag-Ad complexes were hardly affected by serum in terms of the IC~50~. High serum had only limited inhibitory effect on the IC~50~ of the SO-Mag-Ad and magnetic VSV complexes. Thus, *in vitro* results demonstrated enhancement of the oncolytic efficacy of the studied magnetic VSV and Ad complexes in McA and RDB cells at both, low and high serum concentrations.

Magnetophoretic Mobility Measurements MNPs, MNP-VP Complexes and Labeled Cells
------------------------------------------------------------------------------

As expected, MNPs, MNP-VP complexes and loaded cells were responsive to an externally applied magnetic field as indicated by a decrease in the relative OD of their suspensions under the magnetic field (figure [6](#F6){ref-type="fig"}). The decrease in OD of the magnetic samples was due to the accelerated clearance imparted by the magnetic properties, whereas unlabeled cells simply sediment over time. From these turbidity clearance curves, the average magnetophoretic mobility of MNP-VP complexes and MNP- or MNP-VP-labeled cells, and the average number of MNPs associated with the complex or cell were calculated (table [4](#T4){ref-type="table"}). Such complexes comprise 2.2 x 10^4^ PEI-Mag MNPs per virus particle for the complexes with VSV and 2.6 x 10^4^ MNPs per complex with Ad. The complexes with SO-Mag particles were larger and had more associated MNPs per complex (7.7 x 10^4^ MNPs per VSV and 2.2 x 10^5^ MNPs per Ad). The mean hydrodynamic diameters of the MNP-VP complexes of about 500 nm, 270 nm, 900 nm and 600 nm (table [2](#T2){ref-type="table"}), respectively, suggest that the complexes consisted of few physical virus particles surrounded with the evaluated number of MNPs. In addition to the information about the complex sizes and compositions, it could be evaluated how many free and nanoassembled magnetic particles were taken up by the cells. There was an uptake of 6.6 x 10^5^ to 7.0 x 10^5^ MNPs per McA cell (16.3 µm in diameter) and 8.4 x 10^5^ to 8.7 x 10^5^ free magnetic particles by the RDB cells (16.5 µm in diameter) (table [4](#T4){ref-type="table"}). The McA cells were infected with 15 and 36 MNP-VSV complexes and the RDB cells were infected with about 5 and 19 adenoviral SO-Mag- and PEI-Mag-complexes, respectively. The turbidity clearance time course under magnetic field application indicated an optimum of 30 minutes incubation time on the magnet (i.e. time needed for complete magnetic sedimentation) for the *in vitro* labeling and magnetotransduction experiments.

Quantitative Magnetic Resonance Imaging (MRI)
---------------------------------------------

MRI was performed to determine the MR detection limit for the non-invasive monitoring of MNP and MNP-VP complexes and to quantify the effect of cluster formation or intracellular compartmentalization on measured tissue relaxivities. The visual iron detection limit in the R~2~^\*^ maps was as low as 0.003 - 0.008 mM Fe, equaling 0.76 x 10^5^ labeled cells per mL at a loading of 2.5 pg iron per cell, 0.24 x 10^5^ labeled cells per mL at a loading of 6.7 pg iron per cell, or 0.36 x 10^5^ labeled cells per mL at a loading of 5.4 pg iron per cell. The MR detection limit could not be determined as all dilutions of the magnetic nanomaterial were clearly detectable above the background of mimicked liver tissue and untreated carcinoma cells, and therefore it was below 0.001 mM Fe, the lowest measured iron dilution. Figure [7](#F7){ref-type="fig"} compiles image sets of exemplary phantoms with (a photograph,) a T~2~^\*^ echo image, and the corresponding R~2~^\*^ map. Figure [7](#F7){ref-type="fig"}A shows the phantom with homogenously dispersed PEI-Mag particles, panel 7B shows the phantom prepared with SO-Mag-VSV complexes internalized in McA cells and the image set 7C shows the background phantom of untreated McA cells with no detectable iron signal. The fading brown color in the photograph, the black-to-grey signal increase and the red-to-blue signal transition in the R~2~^\*^ map in all three panels mirror the decrease of magnetic material due to the dilution. Both, the R~2~ and the R~2~^\*^ relaxation rates linearly increased with increasing iron concentrations in the range of 0.001 to 0.34 mM Fe of free, assembled and intracellular MNPs. The measured R~2~ or R~2~^\*^ transverse relaxation rates and respective iron concentrations are plotted in figure [8](#F8){ref-type="fig"} for the 1.5 T (8A and 8B) and 3 T (8C and 8D) data and table [5](#T5){ref-type="table"} summarizes the calculated r~2~ and r~2~^\*^ relaxivities, ratios of the complexed and/or internalized MNPs relative to the free MNPs, iron loading per cell and r~2~^\*^/r~2~ ratios acquired on a 1.5 T clinical MRI system (corresponding 3 T data in [Supplementary Material](#SM1){ref-type="supplementary-material"}: table S2). Calculated r~2~^\*^ values were higher than r~2~ values and SO-Mag exhibited higher r~2~^\*^ relaxivities compared to PEI-Mag MNPs, while the r~2~ relaxivities were in the same range. Internalized or complexed MNPs yielded lower r~2~ values compared to freely dispersed MNPs. In contrast, r~2~^\*^ relaxivities increased after nanoassembly and/or cell internalization. [Supplementary Material](#SM1){ref-type="supplementary-material"}: figure S1 clearly demonstrates the comparability of data acquired either on a 1.5 T or a 3 T clinical MRI system.

*In Vivo* Targeting of SO-Mag-VSV Complexes
-------------------------------------------

To test targeting and non-invasive detectability of MNP-VP *in vivo*, orthotopic hepatocellular carcinoma (HCC) bearing rats were intra-tumorally injected with SO-Mag-VSV complexes in the presence of an external magnetic field. MR imaging at 24 hours post injection clearly delineated intratumoral decrease in signal intensity (figure [9](#F9){ref-type="fig"}A top). Regional histogram analysis quantified the signal intensity shift of SO-Mag-VSV complex-injected tumors in the lower signal range (figure [9](#F9){ref-type="fig"}A right). Histological analysis showed MNP-VP complex accumulation at the side of magnet placement (figure [9](#F9){ref-type="fig"}B). *Ex vivo* analysis revealed increased VSV titer and non-heme iron content of SO-Mag-VSV complex-injected compared to naked VSV-injected tumors (figure [9](#F9){ref-type="fig"}C).

Discussion
==========

This work reports on the physico-chemical and imaging characteristics of selected magnetic nanoparticles (MNPs) and derived complexes of these MNPs with adenovirus (Ad) and vesicular stomatitis virus (VSV). PEI-Mag2 and SO-Mag6-11.5 particles possessed highly positive electrokinetic potential, enabling self-assembly based on electrostatic interaction of negatively charged viral particles (VPs) and positively charged MNPs. Transmission electron microscopy (TEM) was used to visualize complex and cluster formation of free magnetic material and upon cellular uptake. Quantitative magnet resonance imaging (MRI) of gel phantoms revealed decreased r~2~ and increased r~2~^\*^ values upon complexation and clusterization. First *in vivo* application of VSV-based MNP-VP complexes demonstrated their targeting and imaging properties.

The differences in the mean hydrodynamic diameters of the selected MNPs resulted from the differences in the magnetic moments of the cores, the electrokinetic potentials and the surface compositions. The PEI-Mag particles had a small average hydrodynamic diameter representative of single particles in the aqueous suspension, whereas the SO-Mag particles had a larger average hydrodynamic diameter in aqueous suspensions indicating that the particles tend to aggregate into small assemblies due to increased magnetic dipole-dipole interactions [@B29], [@B31]. The average hydrodynamic diameter of the primary non-aggregated core nanoparticle without PEI-modification was *D*~h~ = 40 ± 14 nm in water [@B12]. The selected MNPs both comprised branched PEI~Br-25~ in their coating and were therefore highly positively charged. Such PEI-stabilized particles display high cell labeling efficiencies and were suitable for association with negatively charged VPs into efficient complexes at virus-specific and virus-optimized iron-to-virus ratios resulting in high magnetotransduction efficacy. The self-assembly was of predominantly electrostatic nature and stable MNP-VP complexes formed. Such self-assembly is known to modify the magnetic behavior relative to that of isolated particles and happens often in liquid medium [@B50]. The physico-chemical properties of the MNP-Ad complexes were consistent with earlier studies on such complexes [@B29], [@B31] and the MNP-VSV complexes were within the same range. In the MNP-VP complexes, the MNPs were most probably arranged in layers around the VPs due to predominantly electrostatic interactions between the negatively charged virus and the positively charged particles and magnetic dipole-dipole interaction between the magnetic particles.

Both MNPs and MNP-VP complexes displayed high cell labeling and infection efficiencies with the magnetofection method applied [@B37]. The efficiency of magnetic cell labeling with and without an externally applied magnetic field was previously tested in RDB cells [@B29], [@B31] and McA cells [@B12] and we were able to reach even higher labeling efficiencies. The labeling was between 2.5 and 5.4 pg Fe/cell in McA cells and 6.7 and 17.3 pg Fe/cell in RDB cells after application of 10 and 25 pg Fe/cell, respectively, indicating that the labeling efficiencies ranged between 25 % and 69 %.

The localization and aggregation state of MNPs and MNP-VP complexes after cell internalization as well as their appearance in suspended form was elucidated by transmission electron microscopy. On the TEM photomicrographs of free MNPs and magnetic viral complexes, both samples were more or less dispersed, and single self-assembled complexes could easily be identified. The cell-internalized viral complexes were encapsulated in endosomes, whereas the free particles were mostly clustered within the cytoplasm and only in very few endosomes. Cytoplasmic localization [@B51], [@B52] and endosomal encapsulation [@B53] of the internalized MNPs was also observed in other experiments with MNP-labeled cells. We assume that the compartmentalization, clusterization and distribution of MNPs and MNP-VP complexes in cells depended on the uptake mechanism. From the TEM photomicrographs we speculate that the uptake of viral complexes was not receptor mediated, and therefore, cell-bound complexes were most probably endocytosed. Whereas free MNPs might be directly taken up into the cytoplasm and aggregated there. In earlier studies, cell uptake and transfection with enclosed plasmid DNA of magnetic lipoplexes was very efficient. The sizes of these lipoplexes were comparable to our complexes. Even lipoplexes of about 2 micron were efficiently internalized [@B54]. Other groups found a larger complex size advantageous to good internalization and transfection [@B55]-[@B57]. In contrast to the cytoplasmic localization of MNPs in our study, others found iron oxide particles to be localized intracellularly primarily in the tubular lysosomal compartment [@B58], [@B59]. Sun et *al.* identified the non-facilitated endocytosis of small particles into human hepatocellular liver carcinoma cells from TEM images [@B60]. Chemically modified dextran-coated iron oxides were internalized through receptor-mediated endocytosis into highly specialized cells such as hepatocytes [@B61], [@B62] or pancreatic acinar cells [@B63].

*In vitro* infection experiments have shown that exposure of the MNP-virus complexes to 50 % FCS resulted in considerable inhibition of the oncolytic activity of the naked virus both for VSV and Ad vectors. In contrast, oncolytic potency was considerably improved due to assembling with selected MNPs at optimal iron-to-virus ratios and remained high even at high serum concentration for the complexes with both VSV and Ad (table [3](#T3){ref-type="table"} and figure [5](#F5){ref-type="fig"}). The corona from multiple magnetic nanoparticles surrounding a viral particle was previously shown to ensure a defense against virus neutralizing antibodies [@B29]. The magnetic complexes of Ad were also shown to be relatively stable with respect to disintegration at high serum concentrations [@B12]. These findings promise enhancement of oncolytic potency due to assembling with MNPs, especially under application of the magnetic field, as it was shown in *in vivo* experiments on local application of the magnetic complexes of the oncolytic adenovirus in a murine tumor model [@B29].

In addition to their physico-chemical properties such as hydrodynamic diameter and electrokinetic potential, the selected core-shell MNPs and their optimized self-assembled complexes with virus particles were characterized for their magnetic responsiveness in applied magnetic fields [@B45], [@B46]. Therefore, the turbidity clearance curves were plotted and extrapolated to calculate the magnetophoretic mobility and the number of associated MNPs per virus particle applying Wilhelm *et al\'*s method [@B64]. The results were comparable to previous studies on MNP-VP complexes [@B29], [@B31].

From earlier studies we knew that the selected core-shell type SO-Mag MNPs showed excellent r~2~and r~2~^\*^ relaxivities, both free and cell-internalized [@B12]. To further determine the efficacy of free and cell-internalized MNP-VP complexes as contrast agents for MRI and to identify the detection limit of iron in the different assemblies, tissue-mimicking MRI phantoms with homogeneously distributed nanomaterial were prepared. Although Kuhlpeter et *al.* found no difference in the R~2~ and R~2~^\*^ effect for highly iron-loaded cells in a lower number and low-loaded cells in a higher number with comparable average iron concentrations per sample [@B65], we decided to use comparable iron loadings and cell numbers per concentration. Therefore, in our phantoms cells with similar iron loadings and the respective amounts of free MNPs and complexes were diluted and homogenously distributed and embedded in the agarose gel phantoms to identify the detection limit. The linear increase of the R~2~ and R~2~^\*^ relaxation rates with increasing iron concentrations is in concordance with previous findings for iron oxides [@B12], [@B13], [@B66], [@B67]. The chosen tissue for the baseline relaxation [@B65] was liver, as HCC and pancreatic adenocarcinoma, which are the tumor origins of our model cell lines, both develop liver pathologies. Thereby, transferability of the *in vitro* iron quantification data to *in vivo* studies could be assured.

The assembly of MNP-VP complexes and further cell internalization led to about 47 - 97 % reduction of r~2~ and 14 - 82 % increase of r~2~^\*^ after internalization compared to free particles, which both yielded the highest r~2~ and lower r~2~^\*^ relaxivities. Cell internalization of free particles reduced the r~2~ relaxivities by 79 - 92 %, while the internalization of the corresponding MNP-VP complexes reduced the r~2~ relaxivity in the same range (79 - 94 %), with the exception of the PEI-Mag-Ad complexes (47 %). Perez et *al.* also found the T~2~ signal intensity to decrease in reaction to nanoassembly formation between herpes simplex or adenovirus particles and MNPs labeled with virus-specific antibodies [@B68], [@B69]. Others, too, saw reduced r~2~ relaxation rates relative to free particles induced by the intracellular iron particle clusterization [@B51]-[@B53], [@B65], [@B70], [@B71]. In general, our r~2~ relaxivities of 10 to 286 mM^-1^ Fe s^-1^ were within the range or even better than those of clinically used contrast agents that range between 10 - 100 mM^-1^ Fe s^-1^ [@B72]. Shapiro et *al.* also found significantly reduced r~2~ relaxivities and amplified r~2~^\*^ relaxivities after aggregation [@B72]. Similarly, Kuhlpeter et *al*. observed the same relaxivity pattern after cell-binding of MNPs [@B65], always compared to the relaxivities of the respective free MNPs. In general, the r~2~^\*^ relaxivities were higher than the r~2~ relaxivities. The r~2~^\*^ to r~2~ ratio after particle assembly and/or cell internalization compared to free, suspended particles was dramatically increased as reported by others [@B71]. The variation was 2- to 33-fold for PEI-Mag and 3- to 56-fold for SO-Mag samples. These variations could be explained by the restricted diffusion of water-protons. The lower r~2~ relaxivities were in concordance with the motional narrowing effect [@B73], the effect of restricted water/proton diffusion after compartmentalization [@B70] and reduced proton relaxation [@B53]. It was induced by the clusterization of MNPs around virus particles and intracellular compartmentalization. The increased diffusion distance of protons along intracellularly clustered magnetic particles decreased the r~2~ relaxivities and increased the r~2~^\*^ relaxivities. In addition, the relatively small field inhomogenities induced by small free MNPs in the nm range are potentiated in clustered particles of virus complexes and intracellular aggregates that occur in the high nm or µm range. Both factors lead to incoherent spin dephasing and the outer-sphere relaxation theory could be applied to explain the r~2~ relaxivity drop [@B51]. The static dephasing regime theory says that large compartmental magnetic moments produce a strong enough outer-sphere dipolar field so that diffusion has a minimal effect on the MR signal decay and this decay is unaffected by details of the compact magnetic aggregate shape [@B71], [@B74]. Hence the aggregation state directly modulated the intracellular relaxivity of the cell and complex samples in comparison to free MNPs dispersed in agarose gel. Therefore r~2~ is influenced by the concentration and the assembly state of the MNPs, r~2~^\*^ is mainly sensitive towards the iron concentration and so R~2~^\*^-weighted acquisition was assumed to be the potentially most sensitive method to identify the presence of iron-oxide particles and labeled cells [@B65], [@B71]. Therefore, the increased r~2~^\*^ relaxivity of MNP-VP complexes should further enhance the non-invasive detectability by MRI. Differences in R~2~^\*^ and r~2~^\*^ between the two particles could be explained by *D*~h~-dependent higher diffusion restriction in SO-Mag MNPs as they tend to aggregate, even in their already dispersed state.

In our *in vitro* liver mimicking phantoms, iron concentrations as low as approximately 0.003 - 0.008 mM Fe in about 10^5^ labeled cells/mL agarose were visually detectable above the liver background with sufficient image contrast. That detection limit was more sensitive than our previous result of 0.025 mM Fe for the SO-Mag particles [@B12], 0.021 mM Fe for NDT-Mag1 particles [@B13] or the detection limits of other groups with of 10^6^ Endorem^®^-labeled cells per mL gelantin on a 3 T clinical MRI system at comparable cell iron loading concentrations of 25 pg Fe/cell, so 0.448 mM iron [@B75], and was within the same range as Weissleder et al. with 0.002 mM Fe in evenly distributed (5 x 10^6^ cells/mL) or pelleted cells (10^5^ in 20 µL) in 2 % agarose gel on a 1.5 T MRI system [@B59]. The determined relaxivities were also comparable to literature values; for example the r~2~ relaxivity of virus-complex-labeled McA cells with 2.5 pg Fe/cell was 55 mM^-1^ Fe s^-1^ (at 1.5 T), and Estapor^®^ labeled neutrophils with 2 pg Fe/cell had a r~2~ of 74 mM^-1^ Fe s^-1^ (at 4.0 T) [@B76].

In future *in vivo* studies, in particular on viral cancer therapy, such tissue-mimicking phantoms could be applied for the non-invasive quantification of exogenic iron from magnetic nanoassemblies in animal tissue by MRI. The calibration should be performed using phantoms prepared from cells with internalized complexes rather than from complexes alone or free particles. Besides the application for direct tracking of viral vectors to their target tissues, MNP-labeled cells, such as muscle stem cells [@B77] and monocyte macrophages [@B78], could also be monitored *in vivo*. In another study magnetophages, bacteriophages with USPIOs coupled to their wall, were used to identify apoptotic areas in the liver [@B79]. De Vries et *al.* even found the magnetic labeling and subsequent MR imaging of the labeled cells more sensitive than the radioactive labeling and subsequent scintigraphy of the same cells in *ex vivo* scans of the lymph node of a dendritic cell-treated melanoma patient [@B80].

With our proof-of-principle study we could prove the *in vivo* applicability of the magnetic viral complexes. HCC liver lesion bearing Buffalo rats were injected with either naked VSV or SO-Mag-VSV complexes and after 30 minutes of magnetic targeting the virus titer in virus complex treated animals was higher than the titers in animals treated with naked virus. 24 hours after infection there was still a clearly detectable iron-induced MRI signal loss in the tumor lesions of SO-Mag-VSV complex treated animals, whereas the VSV-treated control animal showed no signal change in their tumors.

Conclusion
==========

Both selected core-shell type MNPs were characterized by high r~2~ and r~2~^\*^ relaxivities. The assembly of these MNPs with VPs and cell internalization of MNPs and MNP-VP complexes resulted in the reduction of r~2~ and the increase of r~2~^\*^ compared to free MNPs. This was likely due to the motional narrowing effect after intracellular clusterization of the particles and complexes, respectively. The low visual iron detection limit of about 0.003 - 0.008 mM Fe and the MRI detection limit below 0.001 mM Fe are a good basis for direct quantification of the targeting efficacy of MNP-VP complexes *in vivo* and*ex vivo*. Here, our tissue-mimicking phantoms with cell-internalized MNP-VP complexes could serve for calibration. Our results on the *in vivo* application of the VSV based MNP-VPs are promising as intra-tumoral iron accumulation could clearly be visualized by MRI and the MNP-VP complexes led to higher intra-tumoral virus titers compared to naked virus.
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![**Core-shell type MNP schematics and their coating components for assembling with virus particles. A** PEI-Mag2 particle coating comprises 32 mass% PEI~Br~-25 kDa and 68 mass% Zonyl-FSA. **B** The silica-iron oxide MNPs SO-Mag6-11.5 are decorated with PEI~Br~-25 kDa in a PEI-to-Fe w/w ratio of 11.5 %. **C** Structural formulas of the 25 kD branched polyethyleneimine (PEI~Br~-25 kDa) and the fluorinated surfactant Zonyl FSA (n = 10, M~W~ = 657.9 from XPS data), both used for nanoparticle coating.](thnov05p0667g001){#F1}

![Schematics of the self-assembly of MNPs and virus particles into MNP-VP complexes.](thnov05p0667g004){#F2}

![**Transmission electron microscopy.** TEM images of the suspended MNPs and the respective MNP-VP complexes for both types of MNPs and VPs. The scale bars are 100 nm.](thnov05p0667g007){#F3}

![**Transmission electron microscopy.** TEM images of magnetically labeled and transduced cells for both cell lines and MNP-VP complexes. The scale bars are 500 nm.](thnov05p0667g008){#F4}

![**Oncolytic activity of the magnetic viral complexes at moderate and high FCS concentrations. A**McA and**B**RDB cells were infected with naked virus or MNP-VP complexes at different virus doses under magnetic field application (+MF) for 30 minutes at FCS concentrations of 7.5 % (left panels) and 50 % (right panels). Oncolytic activity of the viruses and their magnetic complexes was assessed by measuring cell viability 24 hours after infection of McA cells using the MTT assay and 6 days after infection of the RDB cells expressing firefly luciferase using luciferase assay and expressed as a percentage using the untreated cells as a reference (mean ± SD; n = 3). Cell viabilities after treatment with equivalent doses of free MNPs are given as references. Naked virus is plotted in black, SO-Mag particles and their complexes in blue and PEI-Mag particles and their complexes in red. Panel**C**represents enhancement of oncolytic activity of the virus due to assembling with magnetic nanoparticles calculated as IC~50~^virus^ /IC~50~^MNP-VP^, where IC~50~^virus^ and IC~50~^MNP-VP^ are virus doses per cell required for 50 % cell growth inhibition/oncolysis after infection with virus or its magnetic complexes deduced from the dose-response curves registered after infection under magnetic field (+MF, data shown in figures **A**and**B**) or without magnetic field (no MF, data not shown) application and different FCS concentrations (grey bars: 7.5 % FCS, red bars: 50 % FCS).](thnov05p0667g009){#F5}

![**Magnetophoretic mobility of magnetic viral complexes and labeled and infected cells.**Decrease of the normalized turbidity (D/D~0~) of representative suspensions of untreated cells (green), magnetic viral complexes free (blue) as well as cell internalized (purple), and cells with internalized magnetic nanoparticles (red) in an average magnetic field of *B* = 0.213 ± 0.017 T with a magnetic field gradient of ∇B = 4 ± 2 T/m. The left panel shows the data set for PEI-Mag particles, Ad and RDB cells, right panel the respective data for SO-Mag particles, VSV and McA cells.](thnov05p0667g010){#F6}

![**Magnet resonance imaging of exemplary liver-mimicking phantoms.** Panels show (from left to right) a photograph of the phantom, a T~2~^\*^ echo image, and the respective R~2~^\*^ map. **A** PEI-Mag2, **B** SO-Mag-VSV-complexes in McA cells, **C** untreated McA cells. All phantoms were prepared from a 2-to-3 dilution series of the magnetic nanomaterial in the wells 1-11 and reference material in well R.](thnov05p0667g012){#F7}

![**r~2~ and r~2~^\*^ relaxivity plots.** In the panels **A** and **C** transverse relaxation rate R~2~, in the panels **B**and **D** the spin-spin relaxation rate R~2~^\*^ are each plotted against the respective iron concentrations. The data of panels**A**and**B**were acquired at 1.5 T, the data of panels**C**and **D** show the corresponding data acquired at 3 T, both on clinical MRI systems. In each panel, the left graphs show the data for Ad and RDB cells, the right graphs the data for VSV and McA cells, the top graphs show the datasets for PEI-Mag particles and the bottom graphs for SO-Mag particles. Free MNPs are plotted in black, cell internalized MNPs in red, and free complexes in blue and cell internalized complexes in purple.](thnov05p0667g013){#F8}

![***In vivo*targeting of SO-Mag-VSV complexes. A**Pre- and 24 hour post-injection T~2~-weighted MR images of orthotopic HCC after SO-Mag-VSV complex (top row) or naked VSV (bottom row) injection. The corresponding histograms (A, right) illustrate the signal loss after magnetic complex application in an emerging signal shoulder in the lower signal range. **B**Overview (top) and high magnification micrographs of prussian blue staining 24 hours after SO-Mag-VSV complex injection. The asterisk marks the injection site and the magnet was placed above the boxed area (top); scale bars 2,000 µm (top) and 500 µm (bottom), respectively. **C**Intra-tumoral virus titer and non-heme iron of whole tumors sampled 30 minutes post infection with SO-Mag-VSV complexes (n=4, blue) and naked VSV (n=3, black).](thnov05p0667g014){#F9}

###### 

**Phantom characteristics** with MNPs, MNP-VPs, MNP labeled cells and MNP-VP infected cells. The maximal concentration was diluted in a 2-to-3 dilution series.
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###### 

**Hydrodynamic diameter (*D*~h~) and electrokinetic potential (ζ)** of free MNPs, VPs and MNP-VP complexes.
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###### 

**Virus dose required for 50 % cell growth inhibition/oncolysis (IC~50~)**24 hours after infection of McA cells with MNP-VSV complexes and 6 days after Infection of RDB cells with MNP-Ad complexes for naked virus and its complexes with MNPs and the influence of magnetic field and FCS.
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###### 

Physicochemical characteristics of MNP-VP complexes, MNP-labeled cells and MNP-VP infected cells.
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###### 

**r~2~ and r~2~^\*^ relaxivities of the MNP assemblies.**The table shows the r~2~ and r~2~^\*^ relaxivity data of the free MNPs and MNP-VP complex assemblies in liver-mimicking agarose phantoms, and the ratios of the nanoassembly relaxivity normalized to the relaxivity of free MNPs (r~2~/r~2~(MNP) and r~2~^\*^/r~2~^\*^(MNP), respectively, green) and the r~2~^\*^/r~2~ ratios (red). All measurements were performed using a clinical 1.5 T MRI system from Philips.
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